A lateral suspension, suitable for a microseismometer application, has been fabricated using deep reactive-ion etching. The critical dynamic parameters of the suspension, namely the normal modes along the compliant axis and the damping, have been determined from slow-scan imaging in an environmental scanning electron microscope. The results show the presence of an unwanted spurious mode which can be attributed to the finite mass of the suspension. An analytical solution yields good agreement with observations. Damping is shown to be dominated by viscous effects, with the suspension material only limiting performance at high vacuum.
Introduction
Dynamic testing of microelectromechanical systems (MEMS) is a critical part of device development. Although selftesting using the transducers of the MEMS device itself can confirm performance towards the end of the development cycle, most diagnostic information is given by directly imaging the motion of the MEMS device. In addition the transduction and dynamics of the device can be decoupled, which can be imperative as early in the design cycle there may not even be internal transduction available. Dynamic imaging of the device should preferably be at high resolution, have a broad frequency response and be non-invasive. The most widely used methods for such imaging are based on optical techniques. Simple observations under the optical microscope, singlepoint laser vibrometry (Yasumura et al 2000) or more complex interferometry, stroboscopy and combined interferometry with stroboscopy have all been used (Rembe and Muller 2002) and commercial systems are now available (e.g. Polytec (2004) ). Out-of-plane displacement repeatability can be as low as 1.5 nm (Hart et al 2000) and bandwidths have reached 800 kHz (Petitgrand et al 2001) .
There are, however, some disadvantages to these optical techniques. The equipment is either expensive if commercially supplied or custom made. The analysis either determines the motion of a single point on the MEMS structure (probe vibrometry) or requires considerable analysis of large data sets to characterize the dynamics in two dimensions or in all three dimensions. Observation of micromechanisms at low pressure is restricted due to the working-distance requirements of the objective. It is also difficult to tilt the plane of the micromechanism by any substantial amount as the depth of focus is limited in optical systems, and the optical axis often has restricted tilt off vertical.
In this work, scanning electron microscopy (SEM) is used to analyse the dynamics of a micromachined silicon suspension. Although SEMs are no less expensive than the optical instruments, they are much more widely available. The technique can provide information on both the frequencies of the normal modes and material damping, and if an environmental SEM is used, the effects of gas damping can be quantified. The analysis is quick and accurate, and in most cases the dynamic parameters can be directly measured from a single SEM image. In addition to providing quantitative information, this technique can readily identify additional modes and pinpoint problems due to stiction. The technique does have limitations in bandwidth due to the increased shot noise of electron sources compared to photon sources. Hence this technique is most useful for lower-frequency microstructures.
The microstructure analysed is a suspension produced as part of a microseismometer development programme. It has been fabricated using through-wafer deep reactive-ion etching. The suspension has been designed to achieve the lowest resonant frequency for a given die size, hence maximizing the mechanical gain of the system. The important figures of merit for such a suspension for a microseismometer application are the resonant frequency, the ratios of the spurious normal modes to the fundamental and the damping, or more particularly, quality factor, Q, of the fundamental. This work uses the SEM to determine these dynamic parameters. Figure 1 shows schematically the overall suspension design. A central rectangular proof mass is suspended between two sets of springs. Each set of springs consists of a series of folded cantilever beams. The beams of the suspension have a width of 24 to 40 µm and a full-wafer depth of 550 µm. As well as softening the suspension, the use of multiple folded cantilevers improves the linearity as the deflection of each cantilever is a smaller proportion of the beam thickness. However, a simple series of folded cantilevers lacks symmetry in the plane perpendicular to both the compliant and cantilever direction. This creates both mechanical and analytical complications due to coupling between translational and rotational motion; only with a plane of symmetry in all three dimensions will the translational and rotational modes be independent (see e.g. Himmelblau and Rubin (1996) ). To produce this plane of symmetry the beams are connected at their centres. This geometry also stiffens the suspension to sideways forces in the wafer plane.
Design
In the compliant direction, defined as along the x axis, the spring constant, k unit,x , for each suspension repeat unit of four beams will be
where E is Young's modulus in the relevant crystalline direction, I is the second moment of area of the beam, which for the rectangular cross-section achieved by DRIE of width w and wafer thickness t, will be given by 1/12 w 3 t and l is the length of each beam, from the end connector to the centre connector. With n units on either side of the suspended mass, the spring constant of the total suspension will be
A series of intermediate frames are incorporated into the design which couple the two spring sets either side of the suspended mass at equivalent displacements. These frames minimize spurious modes, both in and out of the plane of the wafer (Pike et al 2004b) . The frames essentially split the suspension into a series of n shorter elements acting in series. As the total length of the suspension is maintained, inclusion of the frames has minimal effect on the resonant frequency of the suspension. In contrast, the shorter length of the individual elements increases their individual cross-axis stiffness by n 3 , and so the stiffness of the entire suspension by n 2 . Hence the spurious cross-axis resonant frequencies, which are proportional to the square root of the spring constant divided by the suspended mass, are increased by a factor of order n.
The thermal noise of the suspension increases with the damping of the suspension. Damping in these suspensions is a sum of materials damping in the spring itself and gas damping, which at atmospheric pressures is dominated by viscous forces and is independent of pressure. The materials damping will consist of damping in the silicon itself, expected to be very small, and losses in the surface layers resulting from the DRIE, potentially a much larger contribution.
Experimental details
The suspensions were etched in silicon in an STS inductively coupled plasma DRIE. SEM was performed in a LEO VP 1400 (Leica Electron Optics) operated at 30 kV. This is an environmental SEM capable of imaging at a sample pressure of 1-100 Pa or at ultra-high vacuum. An optical microscope was also used to image the dynamics at ambient pressure.
The suspensions were mounted in the SEM so that the fast-scan direction of the electron-beam raster was parallel to the compliant direction of the suspension. The suspensions were excited by an external manual impulse on the microscope column. The scan speed of the raster was then adjusted so that the time period, or several time periods of the dynamics of interest corresponded to the frame-acquisition time. For resonant-frequency determinations, frame-acquisition times of a few seconds were appropriate. For ring-down determinations to extract the damping of the suspensions, frame acquisition times ranged from tens of seconds to tens of minutes.
As the beam rasters across the scanned area, the imaging detector maps a signal of intensity, I (x, y). In these experiments the structure is aligned so that motion, x(t) is in the x direction. In this case the image intensity is now given by I (x + x(t), y). Hence for a simple sinusoidal excitation of x = x 0 sin ωt
and the image intensity along the x axis contains a sum of spatial and temporal information. In order to determine the temporal component, the spatial component should be fixed. This is done most straightforwardly by aligning a straight feature along the y axis, say at x = X. The displacement along the x axis from X then immediately gives the motion as time elapses through the image scan along the y axis. If a straight edge is not available in the microstructure, the information temporal information can still be extracted using image processing. An image of the structure is taken prior to excitation. This image is then correlated with the image of the excited structure. This image analysis enhances, in a quantifiable form, information that can be visually extracted less precisely but more rapidly from the images. Figure 2 shows part of a curved spring static and excited. A maximum correlation between the corresponding scan lines of the each image is expected if one is displaced from the other by the amplitude of vibration. Figure 3 shows this displacement for maximum correlation plotted for each scan line. In order to minimize edge effects, it is essential to window the intensity in each scan line prior to determining the maximum correlation. All the normal windowing filters (Hanning, Hamming, triangular and Blackman) give very similar results. Some initial averaging across scan lines reduces the noise in the final data. The algorithm, summarized in figure 4 , produces data amenable to spectral analysis of the frequency components of the excitation. It should be emphasized that such processing is not necessary for the study of the dynamics of most MEMS devices where clear straight edges be readily imaged.
The resolution of this technique is directly given by the diameter of the electron beam, which for current SEMs will be of the order of a few nanometers. The bandwidth is limited by the signal-to-noise ratio of the image. Single SEM images of less than 0.1 s acquisition time have poor statistics, restricting the bandwidth of the technique to a few hundred hertz. Although this is not a severe limitation for the low-frequency modes investigated here, many structures have much higher frequencies of interest. Beam chopping could potentially increase the bandwidth for strobed measurements to MHz and beyond (Thong 1991) . thinnest springs, representing, we believe, the lowest resonant frequencies attained by a MEMS structure. Also evident in figure 5(a), and enlarged in figure 5(b), is an additional higher frequency mode, with a maximum amplitude at the middle suspension element. This spurious mode has a frequency of 82.9 ± 0.2 Hz. The maximum amplitude of this higher frequency mode is in the middle of the set of springs.
Results
In figure 6 ringdown of the structure is captured in a 5 min duration scan. With such high Q values some care must be taken to stabilize the suspension prior to the initial ringdown impulse. In the environmental SEM, this is best achieved by raising the chamber pressure for a few minutes prior to the impulse to damp out the background oscillations, reducing the pressure to the required level just prior to the scan. The Q factor can be readily determined from the time taken for the amplitude to reduce by 1/e divided by the resonant period all multiplied by π. Figure 7 shows the Q factors obtained from a range of pressures, including UHV, in the environmental SEM, plus a point at atmospheric pressure determined from optical microscopy.
Discussion
The resonant frequency of the fundamental mode as determined in the SEM is in good agreement with equation (2) modes are in the compliant direction, as they will be excited by the same signals as the fundamental. In general, an analytical solution is not obtainable for massive springs but two approximations are possible. One can either split the suspension into a series of discrete masses separated by massless springs. Unless the number of elements is low, the resulting analysis gives little physical insight, although such an approach can be relatively easily pursued using finite element analysis packages. Alternatively, the suspension can be considered as having a continuously distributed mass, ρ s per unit length. This approach gives simpler results, more amenable to design optimization. Treating the spring as a uniformly distributed mass is self consistent if the resulting modes have spatial periodicities which are much greater than the actual periodicities in the distribution of the mass of the suspension along the compliant direction. For the suspension geometry under consideration, this implies that the spatial periods should be much greater than the spring spacing along the x axis. The resulting simplified geometry is shown in figure 8 . The determination of the dynamics for this suspension involves the solution of a wave equation for the longitudinal deflections, u(x, t), of the spring
where a = √ lk/ρ, with appropriate boundary conditions (see e.g. Weaver et al (1990) ). As there are two springs, there will be two deflection parameters, u a and u b , one for each spring. For the ith normal mode of frequency ω i ,
where X ia,b (x) are the principal functions which give the shape of the amplitude of deflection with A i and B i determined by the initial conditions. X i has the general form
with the constants C i and D i determined by the boundary conditions. For the normal modes, by symmetry there will be two simple relationships between the deflection of the two springs: u a = u b , the symmetric modes; u a = −u b , the antisymmetric modes. For the symmetric modes, the u a (l) = u b (l) = 0, and the suspended mass is stationary. Hence in this case, the normal modes are those of a spring of mass m s /2, spring constant k x /2 constrained at both ends, which gives frequencies ω n = nπ √ k x /m s . For the asymmetric modes, the proof mass will move and the suspension can be regarded for the determination of the frequencies as a single massive spring, of mass m s attached to a mass m. Application of the appropriate boundary conditions to equation (6) gives the frequencies of the normal modes, ω i , from
where 
Hence, consideration of the mass of the suspension introduces additional on-axis modes, both symmetric and antisymmetric. The ratio of the first harmonic to the fundamental to first order in m s /m is
The principal functions X i can be determined from the boundary conditions. In this case as the spring is attached to the frame at x = 0, C i = 0. For the first antisymmetric harmonic, substitute for the frequency ω 1 ,
This vibration has a node in the centre of the suspension, with antinodes at the frame and suspended mass. For the first antisymmetric harmonic, substituting for the frequency,
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The mode shape has antinodes close to the suspended mass so the suspended mass moves antiphase to the main body of each spring. For m s m, the amplitude of this motion of the suspended mass will be
These principal functions can be shown to be consistent with conservation of momentum:
For the antisymmetric mode, momentum is automatically conserved as the two springs are moving in opposite directions (X ia = −X ib ) and the suspended mass is stationary (X i (l) = 0). For the symmetric mode, the first two terms in equation (12) 
The approximation in equation (13) is in neglecting the small negative contribution to the momentum for the portions of the suspension nearest the suspended mass. The last term in equation (12) is −mX 1 (l) ≈ −
D1ms π
and so momentum is shown to be conserved to first order in m s /m for this principal function: the relatively large vibration of the light suspension is balanced by a out-of-phase small vibration of the large suspended mass.
In summary, consideration of the finite mass of the suspension reveals additional normal modes, both symmetric and antisymmetric about the suspended mass. The presence of the intermediate frames prevents the symmetric mode from being expressed. However, the antisymmetric mode is of particular concern, as motion of the suspended mass will occur. Both the amplitude and frequency of this mode depend on the ratio m/m s , linearly and to the square root respectively, and hence it is important to minimize the mass of the suspension as far as possible.
The additional higher frequency mode in figure 5 can now be understood as due to the modes resulting from the finite mass of the suspension. The ratio of this spurious-mode frequency to the fundamental is determined from the earlier SEM measurements as 7.38 ± 0.03. The ratio of the area of the suspended mass ratio to the area of the suspension is 6.01 as measured directly from the mask design. If the DRIE process produces a perfect extrusion, equation (8) gives frequency ratio of 7.70. The agreement to the analytical formula is better than 5%, perhaps surprisingly good given the assumption of uniform suspension density along the compliant direction.
The variation in damping observed can be understood in terms of the three regimes of gas damping of structures (Newell 1968) . Gas damping is due to the energy expended moving the microstructure through the surrounding viscous gas. For this suspension the primary damping motion is the closing and opening of the gap between the springs with oscillation, socalled squeeze-film damping. At very low pressures the gas damping is smaller than the material damping of the silicon suspension itself, and hence Q will be independent of pressure. At the highest pressures viscous flow dominates, and as the viscosity is independent of pressure, Q does not change with pressure but is much reduced. At intermediate pressures, in the rarified or molecular regime, the viscosity falls as the root of pressure and Q increases accordingly. The transition between these last two gaseous damping regimes is determined by the Knudsen number, K n , which is given by the ratio of the mean free path of the gas molecules to the size of the damping gapin this case the separation of the springs. For this suspension with a spring separation of 410 µm, K n is unity at a pressure of 33 Pa, and the transition is expected from two orders of magnitude higher pressure to one order of magnitude lower (Li and Hughes 2000) .
These regimes are marked on figure 6 . The pressure range of the environmental SEM corresponds to the rarified regime for this micromechanism size, with the gas damping reducing as the root of pressure, as expected (Blom et al 1992) . Extrapolation of the results indicates that at UHV, the damping is no longer dominated by the gas, and the material's intrinsic damping sets the upper limit on the quality factor. If silicon is carefully prepared with removal of the surface oxide, Qs over 500 000 can be achieved at low pressures (Buser and de Rooj 1990) . In this case the materials damping is considerably higher. It is known that the DRIE process used to fabricate these suspensions can leave a surface layer of polymer from the passivating step of the etch process (Pike et al 2004a) . Such a layer would be highly dissipative. However, the value of Q = 40 000 measured at 0.001 Pa demonstrates that DRIE structures have a relatively low materials damping, and in particular that unless a DRIE mechanism is hard vacuum encapsulated, gas rather than materials damping will be dominant.
Conclusions
We have analysed the dynamics of a lateral suspension using an environmental SEM. The important parameters of interest, namely the normal and spurious mode frequencies and the quality factor, have been readily obtained.
The frequency of the first on-axis spurious mode has been analysed as due to the finite mass of the suspension, with good agreement between the analytical formula and the determined frequencies. Q-factor measurements as a function of pressure reveal the three regimes of damping for this mechanism. The measured Q upper limit is approximately 40 000 at UHV. Hence materials damping is unlikely to be an issue under most packaging scenarios.
